background: The aims of this study were to establish whether individual differences exist in the frequency and size of vacuoles found in human sperm and to ascertain whether such vacuoles are involved in causing DNA damage.
Introduction
The efficiency of intra-cytoplasmic morphologically selected sperm injection (IMSI) with regard to subsequent embryo development has been the subject of a number of recent studies. Interest in the use of IMSI as an alternative to routine intra-cytoplasmic sperm injection (ICSI) is mounting following reports that vacuoles in the sperm head may be involved in post-implantation embryo loss, and that ICSI does not normally involve the selection of sperm using morphological criteria (Bartoov et al., 2003; Berkovitz et al., 2005 Berkovitz et al., , 2006 .
Investigators have identified numerous vacuoles inside the sperm nucleus under a light microscope at magnifications of more than 6000×, and observed a significant reduction in abortion rate by excluding this type of morphologically abnormal sperm from ICSI practice. Vanderzwalmen et al. (2008) also confirmed that the size and number of nuclear vacuoles exerted a significant negative effect upon embryo development to the blastocyst stage. However, a mechanism to explain how such vacuoles may affect abortion has yet to be elucidated. Recently, Franco et al. (2008) reported that DNA fragmentation, which is correlated with the arrest of early embryonic development in the mouse (Ehling, 1971 (Ehling, , 1974 , and post-implantation embryo loss in the human (Benchaib et al., 2003; Henkel et al., 2004; Borini et al., 2006) , was frequently evident in sperm exhibiting large vacuoles occupying ≥50% of the sperm nuclear area. However, follow-up studies have not been conducted until now. Furthermore, in previous IMSI studies, sperm nuclear vacuoles were found to exert influence, depending upon certain semen qualities. Berkovitz et al. (2005) reported a population of abnormal human sperm with amorphous heads, a feature already linked to increased risk of chromosome abnormalities (Lee et al., 1996; Watanabe, 2004) . In other studies, sperm with vacuoles were identified in samples donated from patients showing very poor semen quality (Berkovitz et al., 2006; Vanderzwalmen et al., 2008) . It is well known that there are large differences between human individuals in terms of the incidence of sperm with structural chromosome aberrations (from 3 to 22%) that are derived from DNA fragmentation (Kamiguchi et al., 1994) . If vacuoles are actually involved in DNA fragmentation, then it is imperative to consider the potential influence of qualitative differences in sperm DNA damage among semen donors.
The aims of this study were to establish whether individual differences exist in the frequency and size of vacuoles found in human sperm under a high-magnification differential interference contrast (DIC) microscope, and to utilize a human sperm chromosome assay (Watanabe, 2003) and a TUNEL assay to ascertain whether such vacuoles are involved in causing DNA damage.
Materials and Methods

Sperm collection
Semen samples were collected after obtaining the ethical approval of our institute and written informed consent from 17 male IVF (Patients 1 -3, 5 -9 and 11 -17) and ICSI (Patients 4 and 10) patients and 3 donors with proven fertility (Donors A, B and C) ( Table I) . Of these, one ICSI patient (Patient 10) was diagnosed with oligozoospermia and six patients (Patients 3, 4, 10, 11, 14 and 15) with asthenozoospermia, in accordance with WHO criteria (WHO, 1999) . All other patients showed normozoospermia. The average sperm concentration was 41.9 and 44.7 × 10 6 cells/ ml in patient and donor groups, respectively. The average sperm motility was 53.3 and 57.2% in patient and donor groups, respectively. Although these sperm parameters did not differ between patient and donor groups (unpaired t-test with Welch's correction, P . 0.05), sperm concentration was very low in Patient 10 (6.2 × 10 6 cells/ml), who was diagnosed with oligozoospermia and asthenozoospermia, as compared with the values in other sperm donors. Each semen sample was placed into 6 ml of 80% PureCeption (In-vitro Fertilization Inc., USA) in a 15-ml tube and centrifuged at 400g at room temperature for 30 min. This extended centrifugation time does not affect the results of the chromosome assay and TUNEL because DNA breaks quickly in sperm damaged during sperm preparation (Watanabe, 2004) . After removing the supernatant, the sperm were washed with 3 ml of sperm-washing medium (In-vitro Fertilization Inc.) by centrifugation at 300g for 5 min. Subsequently, motile sperm were collected from the sperm pellet using a swim-up method with human tubal fluid (HTF) containing 10% serum protein substitute (SPS, In-vitro Fertilization Inc.) at 378C for 30 min. These sperm samples were subjected to morphological microscopic analysis, chromosome assay or TUNEL assay. However, certain patients were selected for some of the studies and not others based on whether a chromosome assay or TUNEL assay could be completed within working hours after sperm collection.
Microscopic analysis of sperm vacuoles
The incidence of sperm exhibiting vacuoles among the 17 patient and 3 fertile donor sperm samples was examined using a IX70 inverted microscope (Olympus, Japan) equipped with a DIC system (a combination of differential interference prism, UPlanSApo100×/1.40 oil objective lens and 10× eye lens) and a Hoffman modulation contrast (HMC) system (a combination of HMC condenser, 40× dry object lens and 10× eye lens). One drop (10 ml) of sperm suspension was placed on a glass slide and covered with a cover glass. In each specimen, 40 sperm with normalsize oval heads (4-5 mm in length and 3 mm width; Menkveld et al., 1990) were randomly selected and analyzed for the presence of vacuoles at 1000× magnification using DIC. Vacuoles were defined as circular enclosures in sperm heads exhibiting normal morphology; if they were detected, their position and size were recorded. Subsequently, it was examined whether the vacuoles were visible at 400× magnification using HMC in order to compare results of the present IMSI study with those in our previous ICSI study, in which sperm were morphologically analyzed and selected at 400× magnification using HMC for sperm chromosome assay. Vacuoles were classified into two subgroups according to their respective sizes. Vacuoles with a diameter of .1.5 mm and visible at 400× magnification were classified as 'large'; smaller vacuoles were classified as 'small'.
Chromosome analysis of sperm with large vacuoles using IMSI
Preparation of the IMSI chamber
A 50-mm glass bottom dish (Willco Well BV Comp., Netherlands) was used as the IMSI chamber. Drops of three different media were placed onto the dish and covered with mineral oil (Sigma-Aldrich, USA). The first drop (10 ml) was prepared by mixing sperm suspension and 12% polyvinylpyrrolidone (PVP: Nakarai Tesq., Japan) in equal volumes. The second drop (5 ml) contained 12% PVP for sperm immobilization. The third (10 ml) drop contained HEPES-HTF with 10% SPS for the oocytes.
Collection of mouse oocytes
BDF1 female mice, 7 -16 weeks old, were superovulated by injecting 7.5 IU of pregnant mare's serum gonadotrophin (Teikoku-zoki, Japan) and 7.5 IU of human chorionic gonadotrophin (HCG, Mochida Pharmac, Japan) at an interval of 48 h. Oocytes surrounded by cumulus cells were collected from oviducts 15 h after HCG injection. After the removal of cumulus cells with 0.1% hyaluronidase (Sigma-Aldrich) dissolved in the HTF medium, the oocytes were maintained in a CO 2 incubator (378C, 5% CO 2 ).
Injection of sperm into mouse oocytes
To examine the relationship between sperm-head vacuoles and chromosome aberrations, human sperm with or without large vacuoles from Patients 10, 12 and 13 (Table I) were morphologically selected at 1000× magnification and then injected into mouse oocytes using a piezomicromanipulator (Watanabe, 2003) . In previous IMSI studies, magnifications of .6000× were used to select the sperm. However, in these earlier studies, the sperm image was optically magnified by up to 150× and enlarged to .6000× magnification by digital zoom (Berkovitz et al., 2005) . Thus, the resolution of our sperm selection system was not inferior to IMSI systems used previously and was adequate to select sperm with very large vacuoles. In the large vacuole group, normal-shaped sperm exhibiting large vacuoles with a diameter of .1.5 mm were selected from the sperm drop at 1000× magnification using a DIC system and transferred into the PVP drop. Following confirmation that the large vacuoles were visible even at 400× magnification using a HMC system, the sperm were immobilized by applying piezo pulses to the midpiece a few times and then injected into mouse oocytes in a drop of HEPES-HTF medium at a magnification of 200×. IMSI oocytes obtained were incubated in the HTF solution with 10% SPS at 378C under 5% CO 2 for 16 -24 h, until they reached the first cleavage metaphase. As a control, normal-shaped sperm devoid of large vacuoles were injected into mouse oocytes in the same manner as sperm in the experimental group.
Preparation of chromosome slides
To prevent syngamy and spindle formation, vinblastine (Sigma-Aldrich) was added to the oocyte culture medium to a final concentration of 0.005 mg/ ml 6 h after IMSI. IMSI oocytes that reached the first cleavage metaphase were treated with 0.25% actinase E (Kaken Pharmac. Co., LTD, Japan) dissolved in phosphate-buffered saline (PBS) for 5 min to remove the zona pellucida. The zona-free oocytes were then stored in a hypotonic solution, 30% fetal calf serum dissolved in distilled water (DW), for 20 min, and then chromosome slides were prepared using the gradual fixation air-drying method (Kamiguchi and Mikamo, 1986) . Chromosome analysis was carried out following 2% Giemsa staining and C-banding.
TUNEL assay
In order to detect sperm DNA fragmentation, an in situ cell death detection kit was used (Roche diagnostics, USA) in conjunction with a TCS-SP5 confocal laser microscope (Leica Microsystems, Germany). Twelve sperm samples obtained from 10 patients (Patients 3, 4, 6, 9, 10, 11, 14, 15, 16 and 17) and 2 donors (Donors A and B) were subjected to the TUNEL assay, in which the DNA-strand breaks were labeled directly by the addition of fluorescein dUTP together with terminal transferase (Gorczyca et al., 1993) . Each sperm suspension was divided into three groups (experimental, positive control and negative control). In the experimental group, 1 × 10 4 sperm were centrifuged (100g for 3 min at room temperature) in a Cytospin 4 cytocentrifuge (Thermo Fisher Scientific Inc., USA) and attached onto a double cytoslide (Thermo Fisher Scientific Inc.). Sperm were fixed with 4% paraformaldehyde dissolved in PBS for 1 h at room temperature and were then permeabilized by treating with 0.1% Triton X-100 in 0.1% sodium citrate at 48C for 30 min. Slides were washed with DW and dried in air, and TUNEL reaction reagent (10 ml) was placed on the attached sperm. The slide was then covered in parafilm and incubated in a humidified dark box for 60 min at 378C. After sufficient rinsing with DW, 1 mg/ml of DAPI (Sigma-Aldrich) solution (10 ml) was added onto the sperm and covered with parafilm. After incubation in a humidified dark box for 30 min, the slide was washed with DW, dried using warm air and mounted using an anti-fade mountant (Diagnostic Biosystems, USA). In this study, DW was used for washing the specimens instead of PBS, which is generally suggested in most of the TUNEL protocols. DW was more suitable for preventing non-specific binding of dUTP than PBS and did not affect the results of the TUNEL assay. Normally, the TUNEL assay must also include a positive control group comprising cells that are fixed and permeabilized, and which were incubated with recombinant DNase I to induce DNA strand breaks prior to labeling procedures. However, in this study, sperm suspended in the HTF medium containing 10 or 20 mg/ml of mitomycin C (MMC: Kyowa Hakko Co. Ltd., Japan) for 2 h were used as a positive control group (Watanabe and Kamiguchi, 1999) . After removing MMC by centrifugation with fresh HTF (700g for 5 min, two times), the sperm were subjected to the TUNEL assay in the same manner as described earlier. Enzyme solution was not added to the TUNEL reaction reagent for the negative control group. In order to detect and record DNA fragmentation labeled with the TUNEL reaction reagent, we used an excitation wavelength of 488 nm and detection in the range of 500 -560 nm (green). At the same time, DIC images and DAPI images of the sperm nuclei were also recorded using an excitation wavelength of 405 nm and detection in the range of 429 -480 nm (blue). To accurately compare the fluorescent intensity among different specimens, all of the scanning parameters concerning fluorescence intensity were fixed during all analyses. For each donor, more than 100 sperm with normal-shaped heads were selected and examined for TUNEL fluorescence intensity and nuclear vacuoles using the digital images of sperm captured by the confocal laser microscope at .6000× magnifications (a combination of 63× optical magnification and digital zoom). Fluorescence was judged to be positive when the signal intensity detected in the nuclei was stronger than the non-specific weak fluorescence detected in the midpiece and the tail.
Statistical evaluation
Data were analyzed using Prism 5 version 5.0 (GraphPad Software Inc., USA) on a Macintosh computer (Apple Computer Inc., USA). Fisher's exact test, the Mann -Whitney U-test and the unpaired t-test with Welch's correction were used for statistical investigations. Differences were considered significant when P , 0.05.
Results
Frequency of sperm with vacuoles
Various sizes of vacuoles were identified in normal-shaped sperm heads using a differential interference prism and a 100× oil objective DNA damage in human sperm with vacuoles lens (Fig. 1a -f ). In the sperm samples from 17 patients and 3 fertile donors, we determined the sizes and positions of the vacuoles found in 40 randomly selected normal-shaped sperm (Fig. 2) . The incidence of normal-shaped sperm exhibiting vacuoles was then calculated (Fig. 2a ). Vacuoles were found in .90% of normal-shaped sperm in all semen samples examined. Normal-shaped sperm without vacuoles or with large vacuoles were very rare in both patient (2.6 and 4.6%, respectively) and fertile donor groups (0.0 and 4.2%, respectively), and almost all of the vacuoles found in normal-shaped sperm were small (92.8 and 95.8%, respectively). There was no significant difference between sperm donor individuals in terms of the incidence of normal sperm with vacuoles (Fisher's exact test). When the sperm head was divided into three areas (Fig. 2b) , almost all of the vacuoles existed in the tip (40.9 and 50% in patient and donor groups, respectively) or the middle areas (74.9 and 74.2% in patient and donor groups, respectively), while few were found in the posterior area (4.3 and 2.5% in patient and donor groups, respectively). Large vacuoles ( Fig. 1d -f) were located mainly at the tip of the sperm heads (97%). We did not find any significant differences in the locations of vacuoles between patients and donor samples (Mann -Whitney U-test, P . 0.05). In addition, large vacuoles did not show any correlation with fertility or sperm parameters (Table I) . Using HMC at 400× magnification, all large vacuoles were visible (Fig. 1g) , suggesting that when carried out at 400× magnification, ICSI is likely effective in preventing the fertilization of human oocytes with sperm containing large vacuoles. At 200× magnification, vacuoles were not detected, and it was impossible to discriminate between sperm with normalshaped heads and those with abnormal-shaped heads in accordance with the criteria proposed by Menkveld et al. (1990) .
Chromosome aberrations
Results from chromosome analysis involving 33 normal-shaped sperm (11 cells per sample), each with a large vacuole (Fig. 1d -g ), identified among the semen samples (Patients 10, 12 and 13) are shown in Fig. 3 .
The incidence of normal-shaped sperm with large vacuoles was very rare (average 6.7%) in the patients subjected to sperm chromosome assay and, accordingly, chromosome analysis dealt with low numbers. Among these vacuole-containing sperm, the incidence of structural chromosome aberrations, which are derived from DNA fragmentation, was 9.1%. Although this incidence was two times higher than the values for normal-shaped sperm without large vacuoles obtained from the same patients (4.1%) or other fertile donors (Donors A and B; 4.5%) in the control group, the differences were not statistically significant.
DNA fragmentations
Numerous vacuoles were clearly evident in normal-shaped sperm heads obtained from the patients and donor samples and investigated using DIC and DAPI images captured by laser microscopy at .6000× magnification (Fig. 4) . In many sperm, it was clear that vacuoles influenced the shape of the nucleus (Fig. 4a, arrows) , suggesting that they actually could be nuclear craters or hollows (Bedford, 1973; Tanaka et al., 2009; Watanabe et al., 2009) . TUNEL assay data compiled from semen samples from 10 patients (8 IVF and 2 ICSI) and 2 donors are shown in Table II . There was no significant difference between sperm donors in the incidence of TUNEL-positive cells among the normal-shaped sperm population (1.1-6.4%). Furthermore, there were no significant differences in the percentages of TUNEL-positive cells between groups with large vacuoles and those without large vacuoles in any of the samples examined (Table II, Fisher's exact test), suggesting that large vacuoles were not responsible for DNA fragmentation. Accordingly, the results of the TUNEL assay did not differ between patient and donor groups (unpaired t-test with Welch's correction, P . 0.05). Of 97 TUNEL-positive cells detected in 12 sperm samples, 80.4% exhibited a positive fluorescent signal in the tip or the middle of the nucleus (Fig. 4a) . However, in the rest (19.6%) of the positive cells, intense fluorescence was observed within the posterior area of the nucleus, where the vacuoles were rarely found (Fig. 4b) . Furthermore, fluorescence was rarely detected around large and smaller vacuoles (see arrows in Fig. 4a and b). These results indicate that DNA fragmentation was not caused selectively in normal-shaped sperm with large vacuoles. In the positive control groups, patient sperm were evaluated by the TUNEL assay following 2-h exposure to 10 or 20 mg/ml of MMC (Fig. 5) . The incidence of positive sperm with normal-shaped heads increased significantly (3.4 versus 10.3% in Patient 9 and 6.3 versus 19.5% in Patient 10), and the intensity of the fluorescent signal was very strong (Fig. 4c) . These observed values were used to calculate the net incidence of MMC-induced DNA fragmentation (Fig. 5 , gray bars) according to the formula of Kamiguchi et al. (1990) (see footnote of Fig. 5) . It is already known that DNA damage induced by radiation or mutagens increases in proportion to dosage in human sperm, which lack cytoplasmic DNA repair enzymes (Kamiguchi et al., 1990; Tateno et al., 1996; Kamiguchi, 1999, 2001 ). Accordingly, the net incidence calculated increased in an ideal dose-dependent manner (7.2 and 14.1% in 10 and 20 mM MMC, respectively), suggesting that our TUNEL assay efficiently detected DNA fragmentation in human sperm.
Discussion
In this study, we used a DIC microscope and a confocal laser microscope to examine vacuoles in the heads of human sperm, a feature previously linked to post-implantation embryo loss (Bartoov et sperm with normal head morphology for vacuoles, the incidence of vacuoles was extremely high in all sperm samples examined (Fig. 2a) . Therefore, vacuoles should probably be considered as a common feature in normal human sperm, indicating that vacuoles are not signs of pathology or DNA damage. In addition, it is highly questionable whether the large vacuoles are involved in infertility because the incidence of large vacuoles was extremely low in normalshaped sperm (Fig. 2a) . Our cytogenetic analysis provided a very clear answer as to whether large vacuoles might be involved in causing DNA damage in human sperm. The incidence of structural chromosomal aberrations, which are derived from DNA fragmentation after fertilization (Watanabe and Kamiguchi, 2001; Kamiguchi and Tateno, 2002) , was not significantly different between the motile normal-shaped sperm with a large vacuole and those without large vacuoles (9.1 versus 4.1%; Fig. 3) . Furthermore, the incidences did not differ from the value (8.8%) obtained for human sperm examined by ICSI at 400× magnification (Watanabe, 2003 (Watanabe, , 2004 , suggesting that normal sperm with DNA damage was not efficiently excluded by sperm selection under a 1000× magnification DIC microscope. Kamiguchi et al. (1994) have reported on a cytogenetic study on a large number of sperm from 51 healthy men: the average incidence of structural chromosome aberrations was 14%, and only 6 donor samples (11.8%) contained ,10% of chromosomally aberrant sperm. Compared with these data, the cytogenetic risk of normal-shaped sperm with large vacuoles was obviously low in the patient subjected to our sperm assay. The TUNEL assay results also demonstrated that the incidence of DNA fragmentation was very low in normal-shaped sperm with large vacuoles from all semen samples (Table II) . Our TUNEL assay detected a dose-dependent increase of MMC-induced DNA fragmentation (Fig. 5) , which was consistent with our previous data involving a human sperm chromosome assay (Watanabe and Kamiguchi, 1999) . Therefore, the possibility seems to be ruled out that we failed to detect sperm DNA damage with the TUNEL procedure. In conclusion, sperm selection at a magnification of .6000× was not necessarily required for the male patients included in this study. In contrast, Franco et al. (2008) reported a significantly increased incidence in DNA fragmentation in sperm with large vacuoles (29.1%) when compared with those without large vacuoles (15.9%), using the same TUNEL assay kit as used in the present study. However, differences in nuclear maturity between each sperm may have influenced the fluorescent signals detected in the earlier study because the TUNEL reaction was accelerated by denaturing the sperm nuclear protamines and DNA molecules with acetic acid. This denaturation treatment always increases the frequency of cells that are positive for DNA damage (Aravindan et al., 1997; Fernández et al., 2000; Irvine et al., 2000; Erenpreiss et al., 2004; Fraser, 2004; Virro et al., 2004; Evenson and Wixon, 2006) . However, the effect of denaturation is strongly dependent upon sperm nuclear maturity, which is promoted by an increase in disulfide bonds between protamine molecules (Tejada et al., 1984; Kosower et al., 1992) . On the other hand, other sperm assays have used a denaturation process that is not sufficiently sensitive to detect DNA breaks induced by radiation (Kamiguchi et al., 1990; Hughes et al., 1996; Tateno et al., 1996; Aravindan et al., 1997) , which can break DNA strands without affecting protamine disulfide bonds. These findings suggest that Franco et al., (2008) may have detected not only spontaneous DNA damage, but also 'potential' DNA damage caused by denaturation. Using sperm fixed with paraformaldehyde, some previous studies have already shown that the TUNEL assay is a good predictor of pregnancy (Benchaib et al., 2003; Henkel et al., 2004; Borini et al., 2006) .
Another explanation for the discordance between the present and previous IMSI studies may be individual differences in donor semen quality. The patients and donors involved in our cytogenetic analysis produced high-quality semen in which sperm with large vacuoles (average 4%) and sperm with DNA damage (average 3.3%) were rarely evident. Although Franco et al. (2008) did not provide qualitative data on the sperm used in their study, the influence of differing semen qualities appears to make a lot of sense when one considers other previous IMSI studies (Berkovitz et al., 2005 (Berkovitz et al., , 2006 Vanderzwalmen et al., 2008) , as pointed out in the introduction. In the present study, the most tapered (narrow) sperm was particularly conspicuous because of its entire fluorescent nucleus in all of the samples examined (Fig. 4d) . Therefore, it is possible that the validity of IMSI was overestimated in the earlier study due to the influence of low semen quality or amorphous sperm heads, and it is questionable whether IMSI should be required for patients who produce high-quality semen. In oral presentations in the 2008 and 2009 annual meetings of the Japanese Society of Reproductive Medicine, negative effects of IMSI were reported by some private clinics that introduced the IMSI system (Akimoto et al., 2009) . At least one of them experienced severe decreases in the fertilization rates for at least 6 months, until their technicians gained more experience in IMSI. Therefore, further follow-up studies must be conducted before widespread clinical application of IMSI is adopted. Figure 5 For a positive control in the TUNEL assay, sperm were exposed to 10 or 20 mg/ml MMC for 2 h before the TUNEL assay. Black bars and white bars show DNA fragmentation rates in sperm that were exposed to MMC (MMC+) or not (MMC2), respectively. To evaluate a dose-dependent effect of MMC, the net incidence of sperm damaged by MMC was calculated with the formula of Kamiguchi et al. (1990) . The net incidences (7.2 and 14.1%) increased in a dose-dependent manner.
